Introduction
Aortic valve stenosis (AS) is a common valve disease that increases in prevalence with ageing. 1 -3 The early lesion of aortic sclerosis is an active inflammatory process that involves endothelial cell disruption, lipid accumulation, and calcification and appears to share some mechanisms with atherosclerosis. 4 This is followed by progressive calcium deposition, decreased cusp excursion, and stenosis, and the majority of the weight of an operatively excised valve with AS is thought to be the result of calcium. 5 Sex-related differences in excised aortic valve weight (AVW) and the influence of valve morphology (unicuspid vs. bicuspid vs. tricuspid) on excised valve weight have been reported in seminal studies. 5 -7 However, these studies were not of pure AS and included patients with or without concomitant aortic valve regurgitation and did not account for sex differences in prevalent aortic regurgitation. Studies of computed tomography (CT) calcium scoring have demonstrated that aortic valve calcium load correlates with AS severity, 8 -13 and some of these studies have suggested that women have a lower aortic valve calcium load compared with men. 8, 9 However, these studies did not examine how valve morphology influences the observed sex differences in CT calcium score. In addition, a small study found no differences in CT calcium scores for bicuspid and tricuspid aortic valves with severe stenosis, 14 despite previous studies
showing that bicuspid valves are heavier than tricuspid valves. 5 Also, there are no studies to date correlating CT calcium load to excised AVW.
To address potential confounders in the observed sex differences in AVW and aortic valve calcium burden, we sought to (i) describe sex-related differences in clinical and echocardiographic characteristics of patients undergoing surgery for pure AS, (ii) determine clinical, echocardiographic, and valve morphology determinants of AVW, and (iii) correlate AVW with pre-operative aortic valve CT calcium score.
Methods
The study was approved by the Mayo Clinic Institutional Review Board. We identified consecutive patients who underwent aortic valve replacement for (i) severe AS or (ii) moderate AS and concomitant open heart surgery (e.g. coronary artery bypass grafting) at our institution between 1 January 2010 and 31 December 2012. Valve morphology (bicuspid or tricuspid) and aetiology of stenosis (degenerative or post-inflammatory) were determined by gross inspection of the excised valve by experienced cardiac pathologists (J.J.M. and W.D.E.). Following surgical excision and inspection, the valves were fixed in 10% neutral buffered formalin and stored in the institutional tissue registry. For the purpose of this study, between July 2013 and December 2013, valves were removed from storage, blotted dry, and weighed to the nearest 0.01 g. In addition, 17 grossly normal aortic valves were excised at autopsy from individuals with no cardiac disease and in whom permission had been obtained from the legal next-of-kin for the use of this tissue for research; these cases served as the control group, and the valves were weighed in the same fashion. Aortic valve weight was indexed by dividing the weight by body surface area or by estimated left ventricular outflow tract (LVOT) area as measured by two-dimensional echocardiography.
We excluded patients with coexistent moderate or more aortic regurgitation, a history of aortic valve endocarditis, prior balloon valvuloplasty, or hypertrophic obstructive cardiomyopathy. One hundred and seventy patients were excluded because they were not included in the institutional tissue registry or had incomplete valves. Only three unicommissural or unicuspid valves were excised and they were eliminated from the analysis. We excluded patients who were determined to have post-inflammatory AS (post-radiation or rheumatic) based on gross pathology.
A total of 998 patients with moderate (n ¼ 110) or severe (n ¼ 888) AS met inclusion criteria. Excised valve weights were compared between subjects with moderate vs. severe AS. However, subsequent analyses on clinical and echocardiographic correlates of excised valve weight, as well as correlation of excised valve weight to aortic valve CT calcium score, were performed only in patients with severe AS. Seventy-seven of the 888 patients with severe AS underwent concomitant mitral valve surgery.
All patients had a comprehensive transthoracic echocardiogram within 1 year of their surgical date (82% within 2 months, 96.7% within 4 months, and 99.5% within 6 months). The echocardiograms were performed at the Mayo Clinic, Rochester, MN, in accordance with American Society of Echocardiography (ASE) and European Association of Echocardiography (EAE) guidelines for the evaluation of cardiac chamber size and function and AS severity. 15 -17 The LVOT diameter was measured from the parasternal long axis zoomed view during early systole at the tissue blood interface at the insertion points of the coronary cusps to the septum and aortic -mitral intervalvular fibrosa. Aortic valve area was calculated using the continuity equation, and multiple imaging windows (e.g. apical, right parasternal) were interrogated to determine the peak aortic jet velocity. Systemic arterial compliance = LV stroke volume index systolic − diastolic blood pressure Valvulo -arterial impedance = systolic blood pressure + mean gradient stroke volume index A subset of 126 patients with severe AS had pre-operative non-contrast electrocardiogram-gated cardiac CT examinations obtained as part of their clinical evaluation. The aortic valve calcium score was calculated in this subset of patients. Calcification was defined as at least four contiguous pixels with a CT density of 130 Hounsfield units or greater using the method described by Agatston et al. 19 and is reported in arbitrary units (AU). The calcification score was calculated using commercially available software (Syngo MMWP; Siemens AG, Berlin, Germany). All patients underwent pre-operative coronary angiography. Significant coronary artery disease was considered present when there was luminal narrowing of ≥50% involving the left main or ≥70% involving the left anterior descending, intermediate, left circumflex, or right coronary arteries.
Statistical analysis was performed with JMP 9.0.1 (SAS, Cary, NC, USA). A P-value ,0.05 was considered significant. Data were displayed as mean + standard deviation or standard error, where appropriate. Continuous variables were tested for normality using the ShapiroWilk test. Valve weight, CT calcium score, aortic valve area, mean gradient, creatinine, and BMI were not normally distributed. Normally distributed continuous variables were compared with the use of twotailed t-tests, while non-normally distributed continuous variables were compared using the Wilcoxon rank sum test. Nominal variables were compared using contingency tables and x 2 analysis. The association between valve weight and CT calcium scoring was measured using Pearson correlation. We used standard least squares regression for multivariate modelling of AVW. Variables with a P-value ,0.05 on univariate analysis were included in the multivariate analysis.
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Results
Baseline sex-related demographics and clinical characteristics are shown in Table 3 ) and tricuspid aortic valves (2.75 + 1.10 vs. 1.79 + 0.78 g, P , 0.0001; Table 3 ). The prevalence of bicuspid valve was not different between men and women (30 vs. 24%, P ¼ 0.09).
Left ventricular outflow tract size and body surface area correlated positively with valve weight (R ¼ 0.51 and 0.37, respectively; P , 0.0001 for both). However, men had consistently heavier valves after indexing to body surface area (all valves: 1.49 + 0.62 vs. A subset of 126 patients (78 men and 48 women) had CT calcium scoring within 6 months of surgery (mean: 42 + 40 days). They were slightly older (77 + 9 vs. 73 + 10 years, P , 0.0001) and had worse stenosis by aortic valve area (0.77 + 0.15 vs. 0.84 + 0.16 cm 2 , P , 0.0001) and mean systolic gradient (55 + 15 vs.
52 + 13 mmHg, P ¼ 0.04) compared with patients without CT scan. Otherwise, the two groups were similar. Among subjects who underwent CT scan, women had similar indexed valve area (0.39 + 0.09 vs. 0.40 + 0.06 cm 2 , P ¼ 0.75) and mean transvalvular gradient (58 + 18 vs. 53 + 13 mmHg, P ¼ 0.08) compared with men. This group included 100 subjects with tricuspid valves and 26 subjects with bicuspid valves. Calcium scores ranged from 59 to 11 000 AU (mean: 3192 + 1569, median: 2859 AU), and mean calcium score was significantly lower in women compared with men (2520 + 1199 vs. 3606 + 1632 AU, P , 0.0001), even when stratified into tricuspid (2619 + 1199 vs. 3517 + 1397 AU, P ¼ 0.0009) and bicuspid (1938 + 1107 vs. 3886 + 2237 AU, P ¼ 0.008) valve groups separately. Correlation between CT calcium scoring and excised valve weight was good (r ¼ 0.81, P , 0.0001; Figure 3 ). The ratio of CT calcium to valve weight was similar in women and men (1187 + 591 vs. 1178 + 379 AU/g, P ¼ 0.93), suggesting a similar volume of calcification per gram of valve weight.
Discussion
This study is among the largest contemporary cohorts examined to determine sex-related differences in the clinical profile of patients undergoing surgical aortic valve replacement for pure AS. It is also the first study to correlate CT aortic valve calcium score to excised Sex-related differences in calcific aortic stenosis AVW. Our cohort was older, with a high burden of comorbidities at the time of surgery, compared with previous studies, 5,20 -23 reflecting the changing profile of patients needing aortic valve surgery for AS. There were some differences in the clinical profile but not severity of AS between men and women, where women were slightly more symptomatic at the time of aortic valve replacement with more prevalent diastolic dysfunction, but much less coronary artery disease. There was no sex-related difference in the prevalence of bicuspid valves in our cohort likely related to the exclusion of patients with coexistent moderate or severe regurgitation since males are more likely to suffer from regurgitation in the setting of a bicuspid valve. 5, 24 Also, this may explain the very few unicommissural or unicuspid valves in our cohort, which were excluded from the analysis.
Valve weight correlated well with CT calcium scoring in the 126 patients who had CT calcium scoring within 6 months of surgery. To our knowledge, there are no prior studies evaluating the relationship between gross post-operative valve weight and CT calcium score. One previous study showed an excellent relationship between CT calcium score and aortic valve calcium weight after removal of soft tissue from formalin fixed valves in a small cohort of patients. 10 Similarly, we observed a strong linear correlation between CT calcium score and gross weight of the excised valve, supporting the hypothesis that excised valve weight can be used as a surrogate for valve calcification. Additionally, our data show a similar ratio of calcification to valve weight in men and women, suggesting that men may undergo a greater degree of both calcification and fibrosis for a similar severity of stenosis, compared with women. However, it is interesting to note the wide range of CT calcium score as well as that of excised valve weight in these patients with severe AS. Previous studies have reported increased valve weight in males compared with females and have shown a correlation between body mass index and AVW, 5 but larger body surface area and LVOT area have not been explored as a potential explanation for the increased valve weight observed in men. We observed a progressively increasing valve weight as LVOT size or body surface area increased consistent with prior observations in patients without aortic valve pathology that as the heart size increases, cusp area and valve weight also increase. 25 On average, males have larger body surface area and LVOT size than females, which could potentially account for differences in valve weight. However, even after indexing to body surface area and LVOT size, males had consistently heavier valves than females. This observation remained consistent in patients with tricuspid and bicuspid aortic valves separately. The severity of AS at the time of surgery does not explain sexrelated differences in excised AVW since the indexed valve area and mean gradient were similar in men and women. Despite this similar degree of stenosis, valve weight is on average 59% higher in men compared with women. Interestingly, hypertension and diabetes were associated with decreased valve weight, while current tobacco use was associated with increased valve weight. Further studies examining molecular mechanisms underlying sexrelated differences in the development and progression of AS are needed since a better understanding of these mechanisms could ultimately lead to medical therapy that could prevent or reverse AS.
Limitations
This is a retrospective study. Valves were stored in 10% neutral buffered formalin prior to being weighed. However, all valves were stored for a similar length of time, and potential error introduced would be systematic and not influence the observed sex-related correlates of excised valve weight. Not all patients had CT calcium scoring introducing potential for bias within this subset. Patients for whom only a partial valve was received by the pathologist were excluded from the analysis. However, it is possible even in intact valves that some calcific debris was lost in the process of valve excision. Reassuring was the fact that the weight of the excised valve did correlate with severity of stenosis where moderately stenotic valves weighed less than severely stenotic valves. Lastly, the underlying histologic determinants of the sex-related difference in the weight of the calcium deposition and weight of excised aortic valve are beyond the scope of the current study.
